ABSTRACT Factors affecting nitrate reduction by leaf discs of cotton (Gossypium hirsutum L.) were investigated. When incubated in 30 mM nitrate, discs reduced nitrate much more slowly under air or 02 than under N2. Inhibition by 02 did not occur at nitrate levels of 100 mM or greater. Treatment with arsenate had little effect under Na but stimulated nitrate reduction under air. Similarly, ammonium inhibited nitrate reduction, with the inhibition being partially relieved by arsenate. Uptake of nitrate was unaffected by ammonium. The NAD/NADH ratio increased in response to both oxygen and amnmonium. The effects of these treatments on nitrate reduction can be explained by competition with nitrate for NADH generated by glycolysis.
2Abbreviations: NR: nitrite reductase, NiR: nitrite reductase. was quite uncritical between 0.3 and 2%; within this range of concentrations, there was no difference in the response to nitrate. In some studies disodium arsenate or other salts were added to the medium as experimental treatments. Generally there were 3 discs per tube, with three replicates per treatment. For time course studies, 20 ml of assay medium and 20 discs were placed in 50-ml flasks, with two replicates per treatment. Tubes or flasks were connected to a manifold and evacuated with a vacuum pump to a pressure of less than 5 mm Hg. Anaerobiosis was maintained while releasing the vacuum by introducing nitrogen gas from a cylinder connected to the line. The procedure was repeated once, and the vessels were removed from the line and quickly stoppered. During infiltration the discs became wetted and sank to the bottom of the medium. Infiltration was carried out in an ice bath.
After infiltration, the samples were placed in a water bath at 30 C in darkness and agitated during incubation. At the end of a run they were transferred to an ice bath, and aliquots of the medium were removed for analysis. ( For time course studies, the flasks were stoppered with serum caps and 0.2-ml aliquots were removed during the incubation.) Nitrite was determined by the procedure of Kende et al. (10) . There was considerable variation between experiments, probably arising from differences in source material. However, a single large leaf usually produced sufficient discs for any one experiment, and replicates were thus usually within 5% of the treatment means.
In several studies the oxygen concentration was altered by releasing the vacuum with air instead of nitrogen, or by bubbling air or pure oxygen through the media for 30 sec after infiltration. In the latter procedure the control samples were given nitrogen for 30 sec. In experiments without vacuum infiltration, oxygen, air, or nitrogen was bubbled through the samples for 1 (11) observed the reduction of nitrite by tomato leaf discs incubated in darkness, although it occurred much more slowly than in the light. Dark reduction of nitrite obviously could cause errors in the estimation of NR activity by in vivo techniques. In the present experiments, nitrite reduction could not be measured directly, as cotton leaf discs secreted nitrite into the medium even when incubated with nitrite and without nitrate (Table II) . Nevertheless, indirect procedures could be used. When leaf tissue was treated for 20 hr in darkness with distilled water, most of the ability to reduce nitrate was lost (Table II) . However, aged discs demonstrated net uptake of nitrite when incubated with this ion. Under these conditions one would expect loss of NR activity and retention of NiR activity (1) . Thus, the appearance of the ability to take up nitrite suggests a constant activity of NiR, superimposed upon a pattern of declining NR activity (Table II) . That the movement of nitrite reflected enzyme activities in aged discs was confirmed by the complete absence of accumulated nitrite in discs incubated with either nitrate or nitrite. Thus, aged leaf discs could reduce nitrite at a measurable rate, even though incubated in darkness. Since NiR is relatively stable in vivo (1), fresh discs probably also reduced nitrite, but with the process masked by nitrate reduction (Table II) . Table II shows that nitrite in the medium inhibited the net release of nitrite by freshly cut leaf discs, probably because of increased nitrite reduction. The inhibition by nitrite was proportional to concentration under strictly anaerobic conditions but was greatly diminished when air was present (Fig.  2) . Thus, it is possible that oxygen inhibited nitrite reduction.
With the low concentrations of nitrite and short treatment periods used, it is unlikely that the response was a manifestation of nitrite toxicity. In addition, the lack of effect of nitrite under air also argues against a general toxicity. However, the influence of oxygen was opposite to that frequently observed in nonphotosynthetic tissues (1, 4) . Whether oxygen directly affected NiR or some other component of the nitrite-reducing system (e.g., ferredoxin) in the leaf discs could not be determined.
The rate of change of nitrite concentration with time can be expressed as the difference between the rates of nitrate reduction and nitrite reduction, with the former constant and the latter proportional to nitrite concentration (Fig. 2) decrease in nitrate reduction (Fig. 3) . The decrease was apparent as early as 30 min after the start of incubation. Similar decreases were observed for equivalent concentrations of NH4Cl and NH4NO3 (the latter with the KNO3 concentration adjusted appropriately), but K2S04 and KCI had no effect. Therefore, the decrease appeared to be specific for the ammonium ion.
Several investigators have shown a decrease in nitrate uptake by plants given ammonium (13, 16) . In cotton leaf discs incubated in 1 mM KNO3, there was no effect of ammonium on nitrate uptake (Table III) . This result supports a similar observation by Smith and Thompson (18) in barley roots. It is possible that ammonium affected nitrate uptake differently from 1 mm and 30 mm solutions; however, the rapidity with which nitrate reduction responded to ammonium suggests that decreased uptake could not account for reduced NR activity (Fig. 3) .
Effect of Arsenate on Nitrate Reduction. Klepper et al. (11) demonstrated a role of glycolysis to supply NADH for nitrate reduction. Thus, any factor decreasing available reducing power might be expected to slow nitrate reduction. The possibility that oxygen or ammonium acts through this mechanism was approached both indirectly and directly. In the first set of experiments, arsenate was added to the incubation medium to bypass the ADP phosphorylation step of glycolysis (1 1). Nitrate reduction was increased by arsenate under aerobic conditions but was slightly inhibited under anaerobic conditions (Table IV) . Similarly, nitrate reduction was stimulated by arsenate in the presence of ammonium, but there was little effect in the controls (Table IV) . These results are consistent with the hypothesis that the rate of glycolysis, and consequent NADH generation, was limiting under air or in the presence of ammonium. Presumably reductive amination of a'-ketoglutarate was responsible for utilization of reducing power by ammonium.
Direct Measurement of NAD and NADH. The foregoing experiments imply that NADH was less available in leaf tissues given either air or ammonium salts. This prediction was (Table V) . Even with ammonium present, the ratios obtained were quite low, since the tissue was incubated anaerobically. In leaves incubated in an aerated medium after infiltration, the NAD/NADH ratio was increased to 1.01 (Table V) . The relative magnitudes of the changes in this ratio are correlated with the degree of inhibition of nitrate reduction (Figs. 1, 3 ), and also with the effectiveness of arsenate as a stimulant (Table IV) (19) , and the assay has been used to estimate the potential of a crop to assimilate nitrate over a growing season (7) . However, the present study demonstrates that factors other than NR itself can frequently affect the observed rates. Results obtained with the in vivo assay, as with the in vitro assay, must be interpreted with caution.
The three factors investigated as possible sources of error in the assay were nitrite, oxygen, and ammonium. Nitrite buildup in the medium during incubation was found to be of little concern, as high concentrations of the ion were required to stimulate NiR activity (Fig. 2) . On the other hand, oxygen exerted a profound influence on the assay under certain conditions (Table I, Fig. 1 ). Probably this influence was based upon competition for NADH (Tables IV, V) . Guinn and Brinkerhoff (6) showed a large increase in amino acid content of nitrate-fed roots when the nutrient solution became depleted of oxygen. Thus, it can be inferred that the same competition operates in cotton roots. Similarly, Ferrari and Varner (3), using barley aleurone layers, obtained a great increase in nitrate reduction with either anaerobiosis or inhibitors of respiratory electron transport. However, in view of the controversy over the occurrence of mitochondrial respiration in leaves in the light (8, 21) , under such conditions the competition may be lessened or eliminated. Therefore, the (11) .
Ammonium ions may also compete with nitrate for NADH, probably through reductive amination of a-ketoglutarate. Leech and Kirk (12) , on the basis of differential properties of glutamate dehydrogenases in chloroplasts and mitochondria, suggested that reductive amination is specific for NADPH in higher plants as in microorganisms. However, coenzyme specificity and relative reaction rates in vitro are highly subject to type of buffer and other treatment conditions (14) . Others have suggested that the NAD-dependent enzyme catalyzes predominantly the reductive reaction (15, 17) . In either case, under anaerobic conditions the low NAD/NADH ratio (Table   V) would preclude extensive oxidative deamination. Therefore, the data of the present study cannot be used to decide between the alternatives.
